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Interactions between the herpes simplex virus type 1 (HSV-1) origin (ori)-binding protein (UL9) and two other components
of the functional DNA replication complex have been observed. However, to date, no interaction between UL9 and a
component of the DNA polymerase holoenzyme has been demonstrated. In this report, we demonstrate that UL9 and the
DNA polymerase accessory protein (UL42) can form a stable complex in vitro as determined by coimmunoprecipitation with
specific antibodies to each protein and by affinity chromatography using glutathione S-transferase (GST) fusion proteins.
Complex formation does not require the presence of other viral proteins and occurs in the presence of ethidium bromide,
indicating that UL9–UL42 interaction is DNA independent. Affinity beads charged with increasing concentrations of GST-42
fusion protein up to 5 mM bound increasing amounts of UL9 expressed by in vitro transcription/translation in rabbit
reticulocyte lysates. Binding of N- and C-terminal portions of UL9 to GST affinity matrices revealed that the N-terminal 533
amino acids were sufficient for binding to GST-42, albeit at approximately a four- to six-fold reduced affinity compared to the
full-length protein. No binding of a polypeptide containing the remainder of the UL9 C-terminal residues was observed. Thus
the ori-binding protein, UL9, can physically associate with at least one member of each of the complexes (helicase/primase,
DNA polymerase holoenzyme, single-stranded DNA-binding protein) required for origin-dependent DNA replication. These
specific interactions provide a means by which the ordered assembly of HSV-1 DNA replication proteins at origins of
replication can occur in the infected cell for initiation of viral DNA synthesis. © 1998 Academic Press
INTRODUCTION
The 152-kb DNA genome of herpes simplex virus type
1 (HSV-1) is replicated by the coordinated effort of at
least seven viral gene products. These viral proteins
include the products of the UL5, UL8, and UL52 genes
which form a heterotrimeric helicase/primase complex
(Crute et al., 1989; Dodson et al., 1989), the UL30 and
UL42 genes which form a heterodimer with processive
DNA polymerase activity (Jofre et al., 1977; Purifoy et al.,
1977; Vaughn et al., 1985; Parris et al., 1988; Gallo et al.,
1989; Gottlieb et al., 1990; Hernandez and Lehman, 1990),
the UL29 gene which encodes the single-stranded DNA-
binding protein, ICP8 (Conley et al., 1981; Weller et al.,
1983), and the UL9 gene which encodes the viral origin-
binding protein (Elias et al., 1986; Olivo et al., 1988).
These seven gene products are sufficient to promote
origin-specific DNA synthesis in transient replication as-
says (Wu et al., 1988; Stow, 1992) and are essential for
viral DNA synthesis in infected cells (reviewed in Chall-
berg, 1991; Weller, 1991). The UL9 origin-binding protein,
which possesses limited helicase activity, presumably is
required for initiation of viral DNA replication in vivo.
Although the other six essential viral DNA replication
proteins are sufficient for rolling circle replication in vitro
(Klinedinst and Challberg, 1994; Skaliter and Lehman,
1994), no origin-specific DNA replication of covalently
closed circular DNA has been demonstrated in vitro in
the presence or absence of UL9. It is likely that initiation
of viral DNA synthesis requires the ordered assembly of
the seven essential viral-encoded proteins at origins of
replication, perhaps in conjunction with one or more
host-encoded proteins. Properly assembled proteins
would form a functional replisome, held together by pro-
tein–protein as well as protein–DNA interactions.
Several interactions of proteins with UL9 have previ-
ously been described and include: (1) self-interactions to
form homodimers (Bruckner et al., 1991; Elias et al., 1992;
Fierer and Challberg, 1992); (2) coordinated binding of
UL9 homodimers in the presence of origin sequences to
produce higher-ordered structures (Elias et al., 1990;
Fierer and Challberg, 1992); (3) interaction between UL9
and ICP8 (Boehmer and Lehman, 1993; Boehmer et al.,
1994); (4) interactions with a member of the trimeric
helicase/primase complex, UL8 (McLean et al., 1994);
and (5) interaction with the host DNA polymerase a (Lee
et al., 1995). However, no interaction with the viral DNA
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polymerase heterodimer, pol:UL42, has been demon-
strated previously. In this report, we have used two in-
dependent methods to demonstrate a specific interac-
tion between the HSV-1 UL42 and UL9 proteins which is
not dependent upon the presence of DNA. Furthermore,
we have defined a subdomain of UL9 which is sufficient
for interaction with UL42. Thus, UL9 interacts with at
least one partner of each of the viral protein complexes
required for processive DNA synthesis, suggesting its
importance in the assembly of the DNA replication ma-
chinery at functional origins of replication in the infected
cell.
RESULTS AND DISCUSSION
Coimmunoprecipitation of UL9 and UL42 proteins
The HSV-1 UL9 protein binds to functional origins of
replication. Thus, UL9 is likely to form a focal point
around which the other proteins required for DNA repli-
cation can assemble at these origins for initiation of viral
DNA synthesis within cells. Although interactions of UL9
with a component of the helicase–primase complex
(McLean et al., 1994) as well as with the single-stranded
DNA-binding protein ICP8 (Boehmer and Lehman, 1993;
Boehmer et al., 1994) have been reported, no interaction
has yet been demonstrated between UL9 and a member
of the heterodimeric DNA polymerase complex, the re-
maining viral encoded component required to form the
viral replisome. Because of the availability of a high-
affinity antibody to UL42, the accessory component of
the pol holoenzyme, we first tested for direct protein–
protein interactions between UL9 and UL42. We ex-
pressed the proteins singly by infection of Sf9 cells with
the appropriate baculovirus recombinant or together by
coinfecting cells with both recombinants. Nuclear ex-
tracts of cells labeled metabolically with [35S]methionine
were immunoprecipitated using antisera directed to ei-
ther UL9 or UL42 as shown in Fig. 1. These extracts
contained abundant labeled proteins, in addition to UL9
or UL42 (lanes 1–3), which served as internal controls for
specificity of the immunoprecipitations. Despite the com-
plexity of the proteins in the extracts, the UL42 antiserum
precipitated only the 65-kDa UL42 polypeptide from cells
infected with the UL42 recombinant (lane 4), but failed to
precipitate any protein from extracts of cells infected
with the UL9 recombinant (lane 5). However, UL9 was
precipitated with the UL42 antiserum in extracts of cells
coinfected with both the UL42 and UL9 recombinants
(lane 6), suggesting that at least some of the UL9 existed
in a complex with UL42. In reciprocal immunoprecipita-
tion experiments, the UL9 antiserum, RH7, specifically
precipitated the 87-kDa UL9 polypeptide from nuclear
extracts of cells infected with the UL9 recombinant (lane
8), but did not cross-react with any labeled baculovirus
proteins or with UL42 (lane 7). By contrast, UL42 coim-
munoprecipitated with UL9 in extracts from cells coin-
fected with both recombinants using antibody RH7 (lane
9). Though only a small amount of the available UL42
was found in coimmunoprecipitates with UL9 antibody,
the specificity of the antibody and the ability of the
complex to survive stringent (0.5 M NaCl) washes pro-
vides further evidence that at least a portion of UL42 is
able to form a stable complex with UL9 in vitro. That the
amount of coimmunoprecipitation observed in these ex-
periments was an underestimation of the amount of
UL42 and UL9 which actually exists in a complex is
indicated by the fact that two to three times more non-
cognate protein was observed in immunoprecipitates
washed in 0.2 M NaCl, though the latter ionic strength
washes yielded higher background immunoprecipitation
(results not shown). The association between UL42 and
UL9 did not require that they be synthesized simulta-
neously inside cells since it was possible to coimmuno-
precipitate the proteins from artificial mixtures of UL42-
and UL9- containing nuclear extracts (results not shown).
Using either antibody, the efficiency of coimmunopre-
cipitation of the noncognate protein was less than that
for the cognate protein, though the UL9 antibody was
profoundly less efficient in coprecipitating the noncog-
nate protein than was the UL42 antiserum. We have
noted this lack of reciprocity previously in coimmunopre-
cipitations of the stable heterodimer, pol/UL42, with spe-
cific antisera to each; i.e., the 834 UL42-specific antibody
was more efficient in coprecipitating pol than was the pol
antipeptide serum in coprecipitating UL42 (Monahan et
FIG. 1. Coimmunoprecipitation of UL9 and UL42 from extracts of cells
infected with recombinant baculoviruses. Sf9 cells were infected (20
PFU/cell) with recombinant baculoviruses which express UL42 (lanes 1,
4, and 7) or UL9 (lanes 2, 5, and 8) or were coinfected (10 PFU of
each/cell) with both viruses (lanes 3, 6, and 9). Cells were labeled with
[35S]methionine from 14 h p.i. until the time of harvest (36 h p.i.). Nuclear
extracts were immunoprecipitated with anti-UL42 antibody 834 (aUL42;
lanes 4–6) or with anti-UL9 antibody RH-7 (aUL9; lanes 7–9) as de-
scribed under Materials and Methods. Extracts equivalent to one-fifth
that immunoprecipitated are shown in lanes 1–3. Proteins were sepa-
rated by SDS–PAGE using a 10–20% gradient polyacrylamide gel, im-
mersed in fluor, and subjected to autoradiography.
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al., 1993). Thus, the differences in efficiency of coimmu-
noprecipitation may reflect differences in antibody affin-
ities for the complexed proteins. Alternatively, we cannot
exclude the possibility that differences may be due to the
partial inaccessibility of the epitopes in the protein com-
plex or changes in conformation which destabilize the
protein–protein interactions as a result of antibody bind-
ing to one of the proteins.
To rule out the possibility that UL42 and UL9 coimmu-
noprecipitate because of a mutual association with DNA,
we included ethidium bromide (EtBr) to immunoprecipi-
tation and wash buffers. UL42 and UL9 both bind double-
stranded DNA and UL9 also can bind to single-stranded
DNA (Elias et al., 1986; Gallo et al., 1988; Olivo et al.,
1988; Gottlieb and Challberg, 1994; Abbotts and Stow,
1995). The addition of EtBr has been shown to severely
reduce the association of DNA-binding proteins with
DNA, thereby allowing genuine protein–protein interac-
tions to be distinguished from protein–DNA interactions
on common DNA fragments (Lai and Herr, 1992). We
added increasing concentrations of EtBr to cell extracts
containing UL42 and UL9, incubated these extracts with
antibody 834, and analyzed the immunoprecipitates by
SDS–PAGE (Fig. 2). We found that the inclusion of EtBr
had no effect on the efficiency by which UL9 was coim-
munoprecipitated with UL42, even at concentrations of
EtBr as high as 100 mg/ml. Furthermore, incubation of
nuclear extracts with micrococcal nuclease or DNase I
prior to immunoprecipitation had no effect on the effi-
ciency of UL9 coimmunoprecipitation with UL42 anti-
body. Immunoprecipitates bound to protein A–Sepharose
which were incubated with either nuclease yielded the
same relative proportion of UL9 and UL42 (results not
shown). Therefore, the interaction between UL42 and
UL9 is direct and not mediated by mutual association
with DNA.
GST-42 retains function as a pol accessory protein
As an independent means of demonstrating the phys-
ical association between UL42 and UL9, we performed
affinity chromatography using GST fusion proteins. In
order to first ascertain whether the UL42 portion of the
fusion protein displayed the wild-type conformation of
the UL42, we tested GST-42 for its ability to stimulate the
activity of the HSV-1 pol catalytic subunit in high salt
using activated calf thymus DNA as template.
GST fusion proteins were partially purified by glutathi-
one agarose affinity chromatography as described under
Materials and Methods. The pol catalytic subunit was
prepared by coupled in vitro transcription/translation of
pT7-7.1 encoding amino acids 68–1235 of the HSV-1 pol
as previously described (Monahan et al., 1993). Table 1
shows that the basal pol activity was not stimulated by
the addition of 2 pmol GST. However, the addition of the
same molar amount of GST-42 stimulated the pol activity
more than 10-fold. This degree of stimulation of pol
activity was somewhat greater than that achieved by the
addition of full-length UL42 prepared by coupled in vitro
transcription/translation from plasmid pLBN19A (TnT
UL42, Table 1) and as documented in other studies
(Gallo et al., 1989). Furthermore, titration of pol stimula-
tion as a function of GST-42 amount revealed that 2 pmol
was sufficient to saturate the pol (results not shown).
Because the amount of UL42 in the translation reaction
was not known, we could not determine the relative
specific activities of the in vitro translated UL42 and
TABLE 1
Stimulation of HSV-1 pol Catalytic Subunit by GST Fusion Proteins
Protein added to pola Pol activity (units)b Fold stimulationc
None 611 1.0
GSTd 563 0.92
GST-42d 6370 10.4
TnT UL42e 5300 8.7
a An amount equivalent to approximately 600 units of HSV-1 pol
activity, prepared by coupled in vitro transcription/translation of plasmid
pT7-7.1, was mixed with buffer or with the indicated protein and incu-
bated for 5 min at 37°C prior to initiation of pol reactions.
b Activity was measured in the presence of 200 mM KCl using
activated calf thymus DNA template as described previously (Monahan
et al., 1993). A unit of activity was defined as the amount of enzyme
required to incorporate 1 fmol of [3H]dTTP into DNA in 1 h at 37°C.
c Calculated as the activity in the presence of the indicated protein
divided by that in the absence of added protein.
d Proteins were partially purified by glutathione affinity chromatogra-
phy, dialyzed, and quantified for GST activity. An amount equivalent to
2 pmol of active protein was added to each 100-ml pol reaction.
e Protein was prepared by in vitro transcription/translation of plasmid
pLBN19A, encoding wild-type UL42.
FIG. 2. Coimmunoprecipitation of UL9 and UL42 in the presence of
ethidium bromide (EtBr). Sf9 cells were infected with UL9, UL42, or both
and labeled as described in the legend to Fig. 1. Nuclear extracts
equivalent to one-fifth that immunoprecipitated are shown in lanes 1–3.
Extracts were immunoprecipitated with anti-UL42 antibody following no
treatment (lanes 4–6) or following the addition of EtBr to final concen-
trations of 25 mg/ml (lanes 7–9) or 100 mg/ml (lanes 10–12). Immune
complexes bound to protein A–Sepharose were washed with buffer
containing the indicated amount of EtBr and analyzed by SDS–PAGE.
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GST-42. Thus, we cannot exclude the possibility that the
GST-42 has a somewhat lower specific activity than the
in vitro translated UL42. Nevertheless, the results dem-
onstrate that amino acid residues 20–456 of the UL42
protein exist in a conformation capable of providing pol
accessory function even when covalently linked to the
heterologous GST protein moiety, indicating the validity
of using GST-42 for determining interactions with UL9 by
affinity chromatography.
Binding of UL9 to GST affinity columns
The wild-type UL9 protein was expressed by coupled
in vitro transcription/translation of plasmid pGEM3-UL9
in the presence of [35S]methionine and incubated with
glutathione agarose charged with either GST or GST-42.
Following extensive washing of the beads, 5 mM gluta-
thione was used to elute the GST proteins together with
any proteins bound to them. We found that UL9 bound to
the charged beads and eluted with GST-42, though very
little associated with GST alone (Fig. 3). The aberrant
mobility of the labeled band present in the second frac-
tion which eluted from the GST-42 column was due to
protein overloading at the position of UL9. This was
caused by the similarity in apparent molecular weights of
UL9 and GST-42 (87,000 and 91,000, respectively). The
presence of UL9 at the position of the labeled bands in
the eluates from the GST-42 affinity column was con-
firmed by Western blotting with UL9 antibody, RH7 (re-
sults not shown).
In order to determine the relative portion of in vitro
translated UL9 which bound to each column, we quan-
tified the amount of radioactivity present in polypeptide
bands using a phosphorimager. Consistent with a direct
interaction between UL42 and UL9, the amount of UL9
retained on a GST-42 affinity matrix increased as the
concentration of GST-42 used for immobilization was
increased from 200 to 1000 nM (Fig. 4). However, we
observed little or no binding of a similarly prepared
irrelevant protein (chloramphenicol acetyl transferase) to
either GST or GST-42 columns at up to 10 mM charging
concentration, further confirming the specificity of UL42
and UL9 interaction (results not shown). At GST-42
charging concentrations in excess of 1000 nM, the
amount of UL9 which bound remained constant or de-
creased. Binding of UL9 to the control GST matrix re-
mained at a low level, regardless of the concentration of
GST protein used to charge the matrix (Fig. 4). Though
the amount of GST or GST-42 protein retained on col-
umns at each charging concentration is not known, Coo-
massie-stained gels of the eluted proteins revealed pro-
portionate increasing amounts of GST or GST-42 protein
over the concentration range used in these experiments
(results not shown).
UL9 synthesized in insect cells from a UL9-recombi-
nant baculovirus also specifically bound immobilized
GST-42 (results not shown), suggesting that posttransla-
tional modifications of UL9, such as phosphorylation,
neither prevented nor were required for association with
UL42. We conclude that UL9 and UL42 are capable of
specific and stable physical association. This physical
FIG. 4. Binding of UL9 prepared by in vitro transcription/translation to
GST affinity columns. Full-length UL9 was prepared by coupled in vitro
transcription/translation of plasmid pGEMUL9 in the presence of
[35S]methionine using rabbit reticulocyte lysates. Translation mixtures
were incubated with GST (h) or GST/42 () affinity matrices which
were prepared by charging with the indicated concentrations of GST or
fusion protein. Bound proteins were eluted with 5 mM glutathione and
separated by SDS–PAGE. The radioactivity in bands corresponding to
UL9 was quantified using phosphorimage analysis and used to calcu-
late the relative portion of UL9 in the input which bound to and eluted
from each matrix.
FIG. 3. Binding of UL9 to GST affinity columns. Glutathione agarose
was incubated with extracts prepared from bacteria induced to express
GST or a fusion of GST with residues 20–456 of UL42 (GST/42). The
GST- (lanes 2–5) and GST-42- (lanes 6–9) charged agarose beads were
washed and subsequently incubated with [35S]methionine-labeled UL9
prepared by coupled in vitro transcription/translation of plasmid
pGEMUL9. Bound proteins were eluted using 4 column vol (E1–E4) of
5 mM glutathione. Fractions were concentrated by lyophilization and
subjected to SDS–PAGE using a 10–20% polyacrylamide gel. Lane 1,
the proteins present in one-fifth of the volume of UL9-containing ex-
tracts subjected to affinity chromatography.
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association is not dependent upon the presence of DNA,
because binding buffer included EtBr at a concentration
of 100 mg/ml. Moreover, physical association between
UL9 and UL42 does not require the presence of other
HSV-1 proteins, though we cannot rule out the possibility
that other viral or host proteins could alter the affinity of
UL9 for UL42 in HSV-1-infected cells. The relatively small
proportion of UL9 capable of binding to GST-42 (10–20%
of input) could reflect one or more possibilities: (1) the
low concentration of UL9 in in vitro translation products
coupled with a high Kd for UL9 and UL42; (2) poor
accessibility of immobilized GST-42 to the functional
binding form of UL9; (3) transient interactions with a
relatively short half-life. In fact, the UL9-UL42 interaction
may be weaker than that of pol-UL42 under the same
conditions, since we consistently bound less UL9, com-
pared to pol, to the GST-42 matrices at every concentra-
tion tested (Thornton et al., manuscript in preparation).
Precise affinity measurements will require the use of
purified proteins in solution.
Binding of UL9 subfragments to GST-42
To examine which UL9 domain was responsible for
complex formation with UL42, we expressed full length
UL9, containing 851 amino acids (WT), the N-terminal
residues 1 to 533 (9NT), and residues 1–10 linked to
C-terminal residues 534–851 (9CT) in vitro by coupled
transcription/translation of plasmid DNA in the presence
of [35S]methionine. The first 10 N-terminal residues were
added to the C-terminal portion in order to retain the
same upstream and translational regulatory sequences,
permitting approximately the same translational efficien-
cies for all plasmids. Both the N- and the C-terminal
portions of UL9 which we used have been shown to form
functional subdomains, capable of binding UL8 protein
and origins of replication, respectively (Deb and Deb,
1991; McLean et al., 1994). Products of translation were
incubated with beads to which various concentrations of
either GST or GST-42 were immobilized and eluted as
described above. We found that the N-terminal, but not
the C-terminal polypeptide, retained the ability to bind to
GST-42, while neither bound efficiently to the control GST
columns (Fig. 5A). The results of this experiment sug-
gested that the N-terminal polypeptide bound to GST-42
less efficiently than did the full-length UL9 (compare
lanes 10 and 11 with lanes 4 and 5). To better determine
the relative affinities of the wild-type and N-terminal
portions of UL9 for UL42, we measured binding to glu-
tathione agarose beads charged with increasing con-
centrations of GST or GST-42. Once charged, the beads
were subdivided; incubated with the WT UL9, 9NT, or
9CT proteins; and washed. The proteins which eluted in
5 mM glutathione were then quantified. Figure 5B dem-
onstrates that the 9NT protein binds four- to six-fold less
efficiently than does the full-length UL9 when beads
were charged with GST-42 at concentrations ranging
from 200 to 2000 nM. The decreased binding of both WT
UL9 and 9NT at high GST-42 concentrations was often
observed and may be the result of crowding of immobi-
lized GST-42 molecules, thus reducing their accessibility.
We have observed a similar phenomenon when binding
HSV pol to affinity columns charged with saturating
amounts of GST-42 (results not shown). We confirmed
that the 9CT protein did not bind significantly to GST-42
even at the highest charging concentration used. The
reduced affinity of the 9NT protein suggests that at least
FIG. 5. Binding of N- and C-terminal UL9 subfragments to GST-42.
Full-length UL9 and polypeptides consisting of the N-terminal 533
amino acids (9NT) or C-terminal UL9 residues 534–851 linked to resi-
dues 1–10 (9CT) were expressed by in vitro translation in rabbit reticu-
locyte lysates in the presence of [35S]methionine as described under
Materials and Methods. (A) Lanes 1, 7, and 13, the equivalent of 1/10 of
the translation mixture used for binding to each matrix. Matrices were
charged with 2 mM GST or GST-42 and incubated with UL9, 9NT, or
9CT, as indicated. Proteins which eluted with 5 mM glutathione were
subjected to SDS–PAGE and autoradiography. (B) Translated proteins
corresponding to full-length UL9 (gray bars), 9NT (open bars), or 9CT
(black bars) were incubated with affinity matrices charged with the
indicated concentration of GST or GST-42. The values shown represent
the amount which eluted from the GST-42 matrix less that which eluted
from the GST matrix charged with the same concentration of protein.
The amounts which bound to the control GST columns did not exceed
1.2% for full-length UL9, 0.75% for 9NT, or 0.18% for 9CT.
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a portion of the C-terminal residues facilitates or stabi-
lizes binding of UL9 to UL42. We are in the process of
testing polypeptides with additional C-terminal se-
quences to determine which sequences are required to
restore full binding capability to UL9 residues 1-533.
In addition to interacting with UL42 (this report) and
UL8 (McLean et al., 1994), the N-terminal portion of UL9
has been shown to contain the essential helicase motifs
(Martinez et al., 1992; Stow et al., 1993) and is responsi-
ble for UL9 dimerization (Elias et al., 1992) and cooper-
ative binding to the viral origin (Elias et al., 1992; Hazuda
et al., 1992). The C-terminal 317 residues of UL9 are
responsible for origin-specific binding (Weir et al., 1989;
Deb and Deb, 1991) and physical association with ICP8
(Boehmer and Lehman, 1993; Boehmer et al., 1994). Be-
cause these N- and C-terminal portions of UL9 appear to
function independently, the N-terminal domain of UL9,
which is essential for binding to UL42, most likely would
be available when the C-terminal portion of UL9 is bound
to functional origins of replication.
Functions for the interaction of UL9 with the aforemen-
tioned essential HSV-1 DNA replication proteins, includ-
ing UL42, or with the host pol a primase (Lee et al., 1995)
are not known. However, the presence of so many inter-
actions of UL9 with other proteins directly involved in
DNA synthesis suggests the importance of these inter-
actions in the ordered assembly, stabilization, and/or
stoichiometry of proteins at functional HSV-1 origins of
replication. This multiplicity of partners for UL9 might
contribute to the negative effect of high concentrations of
UL9 on the replication of HSV-1 DNA in infected cells
(Malik et al., 1992; Perry et al., 1993; Stow et al., 1993),
because improperly assembled or aggregated UL9 could
titrate out the necessary components of a functional
replisome, including UL42.
Immunofluorescence analysis has demonstrated that
all of the seven essential viral DNA replication proteins
are assembled in large globular-like ‘‘replication com-
partments’’ in cells productively replicating HSV-1 (de
Bruyn Kops and Knipe, 1988; Goodrich et al., 1990; Bush
et al., 1991; Lukonis and Weller, 1996). However, trans-
fection studies revealed only six, exclusive of UL9, are
required to form large assemblies which resemble (but
may not be identical to) these ‘‘replication compart-
ments,’’ regardless of the presence of ori sequences
(Uprichard and Knipe, 1997; Zhong and Hayward, 1997).
Nevertheless, structures lacking UL9 clearly are not suf-
ficient to provide DNA replication of viral genomes in
HSV-1-infected cells (Malik et al., 1992; Lukonis and
Weller, 1996). Thus, these six proteins, which also can
assemble in vitro to synthesize DNA in an ori-indepen-
dent manner (Skaliter and Lehman, 1994), may lack the
proper configuration or stoichiometry required to recog-
nize origins of replication on native viral DNA genomes
in the infected cell.
It is possible that the UL42–UL9 interaction may pro-
vide the basis for the recruitment of the viral DNA poly-
merase to a UL9-activated origin of replication and
thereby facilitate the localization of the other viral repli-
cation proteins. Consistent with this model are findings
which demonstrate that a fully functional pol–UL42 com-
plex is required for the assembly of the replication pro-
teins into large globular ‘‘replication compartments’’ re-
gardless of whether the proteins are expressed
transiently or during HSV-1 replication. Indeed, when
HSV-1 pol activity was inhibited with phosphonoacetic
acid (PAA) in infected cells, ICP8, UL5, UL8, UL52, and
pol colocalized in punctate structures in the nuclei (de
Bruyn Kops and Knipe, 1988; Goodrich et al., 1990; Bush
et al., 1991; Lukonis and Weller, 1996), while both the
UL42 and the UL9 proteins were more diffusely distrib-
uted throughout the nuclei (Goodrich et al., 1990; Malik et
al., 1996). ICP8, UL5, UL52, and UL8 expressed together
in transfected cells were necessary and sufficient to form
similar punctate nuclear compartments, and the addition
of either pol or UL42 with this mixture of proteins did not
alter the appearance of these compartments (Uprichard
and Knipe, 1997; Zhong and Hayward, 1997). However,
the addition of both pol and UL42 reorganized all of the
proteins to larger globular structures (Uprichard and
Knipe, 1997; Zhong and Hayward, 1997). Taken together,
these results suggest that UL42 could serve a bridging
function in vivo, pulling pol and the other proteins from
nonproductive or prereplication sites. Because of UL42’s
ability to bind UL9, as well as UL9’s ability to bind ICP8
and a member of the helicase/primase trimeric complex,
this reorganized complex, perhaps with one or more host
proteins, could form a stable assembly at functional
origins of replication to initiate viral DNA synthesis. We
are currently testing a prediction of this model by anal-
ysis of the localization of UL42, pol, UL9, and ICP8 in
cells infected with a UL42 mutant in which UL42 loses its
ability to bind to pol at the nonpermissive temperature.
MATERIALS AND METHODS
Cells and viruses
Recombinant baculoviruses (Autographica californica)
which encode the HSV-1UL42 gene, the pol gene, or the
UL9 gene downstream from the polyhedrin promoter
were the kind gifts of Mark Challberg (National Institutes
of Health, Bethesda, MD) and Robert Lehman (Stanford
University, Stanford, CA). The wild-type strain of baculo-
virus and the Sf9 insect cell line used to propagate each
of the baculovirus strains were kindly provided by Fred
Hink (Ohio State University, Columbus, OH). Sf9 cells
were propagated in TNM-FH insect medium (Sigma
Chemical Company, St. Louis, MO), 100 U of penicillin/ml,
100 mg of streptomycin sulfate/ml, and 10% fetal bovine
serum (Intergen, Purchase, NY) at 27°C. Insect cells
were infected with the appropriate baculovirus at an
input multiplicity of 20 PFU/cell, and the proteins were
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labeled metabolically by the addition of L-[35S]methionine
(50 mCi/ml; Amersham) beginning at 14 h postinfection
(p.i.). Infected cells were harvested at 36 h p.i., and high
salt nuclear extracts were prepared essentially as de-
scribed by Gallo et al. (1988).
Immunoprecipitations
The UL9-specific antiserum, RH7, provided by Robert
Hamatake and Daniel Tenney (Brystol-Myers Squibb,
Wallingford, CT), was prepared in rabbits using a gluta-
thione S-transferase (GST) fusion with residues 531 to
851 of the UL9 protein. The UL42-specific antipeptide
serum, 834, was prepared in rabbits against residues
360 to 377 of the UL42 protein as previously described
(Monahan et al., 1993). Immunoprecipitations were con-
ducted essentially as described previously (Monahan et
al., 1993), and then precipitates were washed with Tris-
buffered saline containing 0.5 M NaCl and analyzed by
SDS–PAGE.
Preparation of proteins by in vitro translation
In some experiments, proteins were expressed by
coupled in vitro transcription/translation in rabbit reticu-
locyte lysates using a kit (Promega) according to the
instructions of the manufacturer. Plasmid pT7-7.1, encod-
ing amino acids 68-1235 of the HSV-1 pol catalytic sub-
unit (Dorsky and Crumpacker, 1988), was transcribed
using T7 RNA polymerase, while plasmids encoding the
wild-type UL9 and N-terminal or C-terminal portions
were transcribed using SP6 RNA polymerase. Plasmids
pGEM3-UL9, encoding the wild-type UL9 protein, and
UL9d534-851 (9NT), encoding the N-terminal 533 amino
acid residues, were kindly provided by Sumitra Deb
(University of Texas Health Sciences Center, San Anto-
nio, TX) and have been described (Deb and Deb, 1991).
Plasmid 9CT, encoding UL9 residues 1–10 linked to res-
idues 534–851, was produced by removal of the 1536-bp
BstYI fragment from the N-terminal portion of the UL9
ORF in plasmid pGEM3-UL9, followed by in-frame liga-
tion to the C-terminal portion at the unique BamHI site in
the ORF.
Preparation of GST fusion proteins
The plasmid encoding the GST fusion with UL42
amino acid residues 20–456 (GST-42) was created by
cloning the MluI fragment within the UL42 ORF of
HSV-1 strain KOS, flanked with BamHI linkers (New
England Biolabs), into the BamHI site of plasmid
pGEX-2T, which encodes GST (Pharmacia). Plasmids
encoding GST or GST fusion proteins were propagated
in JM109 or DH5a cells at 37°C in L broth containing
50 mg ampicillin/ml, and protein expression was in-
duced following addition of IPTG (0.1 mM) for 3–12 h,
depending on the optimum time of expression for each
of the fusion proteins. Extracts were prepared by sus-
pension of the bacterial cell pellets in TED buffer (50
mM Tris–HCl, pH 8.0, 1 mM EDTA, 1 mM dithiothreitol)
containing 1 mM phenylmethylsulfonyl fluoride and 1
mg/ml each of aprotinin, leupeptin, and pepstatin and
10 mg/ml b-lactalbumin, followed by the addition of
lysozyme to 20 mg/ml and Triton X-100 to 0.1%. The
lysates were sonicated to reduce viscosity and centri-
fuged at 10,000 g for 15 min at 4°C, and then the GST
or GST fusion protein was collected in the superna-
tant. The amount of native GST or fusion protein in
each lysate was determined spectrophotometrically
using the transferase-mediated reaction between re-
duced glutathione and 1-chloro-2,4-dinitrobenzene ac-
cording to the directions of the manufacturer (Phar-
macia).
Affinity chromatography
Glutathione–agarose beads (Sigma) were charged
with various concentrations of GST or fusion proteins
overnight at 4°C in TNB buffer (TED containing 0.1 M
NaCl and 50 mg/ml bovine serum albumin). The beads
were subjected to low-speed centrifugation and washed
four times with 10 vol of the same buffer. In vitro-ex-
pressed proteins were mixed with beads charged with
GST or GST-42 for 3 h at 4°C. The suspension was
loaded into disposable pipette tips plugged with glass
wool and washed with 4 column vol of TNB. The GST and
GST-42, together with any proteins which bound to them,
were eluted from the columns by the addition of 5 mM
glutathione. The first three elutions collected were lyoph-
ilized, suspended in dissociation buffer, analyzed by
SDS–PAGE, and fluorographed as described previously
(Monahan et al., 1993). Radioactivity in selected bands
was quantified using a PhosphorImager (Molecular Dy-
namics, Sunnyvale, CA). Partially purified GST and
GST-42 were prepared from charged columns as de-
scribed above except that beads were not incubated
with translation products. The eluted proteins were dia-
lyzed against B-2 buffer (20 mM Tris-HCl, pH 7.5, 50 mM
NaCl, 1 mM EDTA, 10% glycerol, 2 mM 2-mercaptoetha-
nol) and stored in aliquots at 280°C.
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